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The diacylglycerol kinase (DGK) enzymes function as
regulators of intracellular signaling by altering the
levels of the second messengers, diacylglycerol and
phosphatidic acid. The DGK d and h isozymes pos-
sess a common protein-protein interaction module
known as a sterile a-motif (SAM) domain. In DGK d,
SAM domain self-association inhibits the transloca-
tion of DGK d to the plasma membrane. Here we
show that DGK d SAM forms a polymer and map the
polymeric interface by a genetic selection for soluble
mutants. A crystal structure reveals that DGKSAM
forms helical polymers through a head-to-tail interac-
tionsimilar tootherSAMdomainpolymers.Disrupting
polymerization by polymer interface mutations con-
stitutively localizes DGK d to the plasma membrane.
Thus, polymerization of DGK d regulates the activity
of the enzyme by sequestering DGK d in an inactive
cellular location. Regulation by dynamic polymeriza-
tion is an emerging theme in signal transduction.
INTRODUCTION
The diacylglycerol (DG) kinases (DGKs) are a family of enzymes
that phosphorylate DG to form phosphatidic acid (PA). These
enzymes regulate intracellular signaling because both DG and
PA serve as second messengers (Luo et al., 2004). Because
DG activates protein kinase C (PKC) (Nishizuka, 1992) and has
numerous other targets, including the Ras guanyl nucleotide-
release proteins, chimaerins, and some transient receptor po-
tential channels (Lucas et al., 2003; Ron and Kazanietz, 1999),
degradation of DG by DGK can help regulate a variety of cellular
processes. For example, degradation of DG by the DGK d iso-
form promotes epidermal growth factor receptor and insulin
receptor signaling by decreasing PKC activity (Crotty et al.,380 Structure 16, 380–387, March 2008 ª2008 Elsevier Ltd All righ2006; Miele et al., 2007). Furthermore, PA has been reported to
regulate a variety of signaling proteins, including phosphatidyli-
nositol 4-phosphate 5-kinase (Honda et al., 1999; Jenkins
et al., 1994), PKC-z (Limatola et al., 1994), and phospholipase
C-g1 (Jones and Carpenter, 1993). Therefore, by attenuating
DG signaling and initiating PA signaling, the DGK enzymes can
regulatemultiple signaling eventswithin the cell (Luo et al., 2004).
Nature has evolved a wide variety of DGK enzymes. To date,
10 DGK isoforms have been identified, and these enzymes
have been classified into 5 families based on common domain
features (Sakane et al., 2007). DGK d is a type II DGK enzyme
and is characterized by an N-terminal pleckstrin homology (PH)
domain and a C-terminal sterile a-motif (SAM) domain (Sakane
et al., 1996). These regulatory domains are thought to define
the specific protein-protein interactions that allow the activity
of the DGK d isozyme to be spatiotemporally segregated from
the activity of the other isozymes (Sakane et al., 2007).
Tobetter understand the roleofDGK d in signal transduction,we
investigated the structure and function of the SAM domain in the
regulation of DGK d. SAM domains are among the most common
protein-protein interactionmodules in eukaryotic cells, and some,
but not all, SAM domains form head-to-tail helical polymers (Kim
and Bowie, 2003; Qiao and Bowie, 2005). SAM domain polymers
have been found in several DNA-binding transcription factors and
one structural scaffolding protein (Baron et al., 2006; Kim et al.,
2001, 2002, 2005; Qiao et al., 2004). The control of SAM domain
polymerization can have important regulatory consequences
within the cell. For example, in the case of the transcriptional re-
pressor Yan, the disassembly of the Yan polymer regulates the
transition between its active DNA-bound form and its inactive
phosphorylated form (Qiao et al., 2004; Song et al., 2005).
Previous studies of DGK d1, an alternatively spliced version of
the DGK d gene that incorporates the SAM domain, show that
SAM domain oligomerization plays an important role in the
regulation of DGK d1. Immunoprecipitation and analytical gel fil-
tration experiments have shown that the SAM domain of DGK d1
mediates the formation of homo-oligomeric structures, and olig-
omers as large as tetramers have been observed in vivo (Imaits reserved
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appears to be closely linked to the intracellular localization of
DGK d1. DGK d1 is normally localized to cytoplasmic vesicles,
and translocates to the plasma membrane upon stimulation by
morphogens, such as EGF and phorbol ester (Imai et al.,
2002). While DGK d1 self-associates in unstimulated cells, treat-
ment with phorbol ester markedly reduces the protein’s self-
association (Imai et al., 2002). Furthermore, DGK d1 mutants
that are incapable of oligomerization localize to the plasma
membrane in the absence of stimulation (Imai et al., 2002).
Together, these results suggest that oligomeric DGK d1 is asso-
ciated with cytoplasmic vesicles and that monomeric DGK d1 is
associated with the plasma membrane. The localization of DGK
d1 is important to its function, because DG is produced at the
plasmamembrane, so DGK d1must be at the plasmamembrane
in order to metabolize its substrate.
Because SAM domain-mediated oligomerization of DGK d1 is
important to the localization and regulation of DGK d1, we inves-
tigated the structure of the DGK d1 oligomers. We hypothesized
that the SAM domain of DGK d1 might mediate the formation of
polymers, like other SAM domains, and that the assembly and
disassembly of these polymers is essential to the regulation of
DGK d1. In a biochemical and structural characterization of the
isolated SAM domain of DGK d1, we find that the SAM domain
does, indeed, form polymers through a head-to-tail interaction.
Furthermore, we find that this head-to-tail interaction regulates
the intracellular localization of DGK d1. Thus, DGK d1 is regulated
by SAM domain-mediated polymerization rather than by the
formation of simple defined oligomers.
RESULTS
DGKSAM Forms High Molecular Weight Oligomers
PreviousworkonDGK d1 suggests that itsSAMdomainmediates
the formation of homo-oligomers of at least the size of tetramers
in vivo (Imai et al., 2002). To further investigate oligomer formation
by theSAMdomain of DGK d, we expressed aHis-tagged version
of the isolated SAM domain of DGK d1 (residues 1097–1164,
henceforth referred to as DGKSAM). The domain expresses in in-
clusion bodies, indicating that it is relatively insoluble and may
form higher-order oligomeric structures. DGKSAM was purified
under denaturing conditions and refolded. The protein eluted in
the excluded volume of a Superdex S-75 column, indicating that
it forms large aggregates with a molecular weight of 250 kDa or
greater (calculated monomer molecular weight, 9.5 kDa). More-
over, when analyzed by analytical ultracentrifugation, DGKSAM
pellets to the bottomof the cuvette at a speed of 28 krpm, indicat-
ing high molecular weight aggregation (data not shown).
To investigate the nature of the high molecular weight associ-
ation, the purified DGKSAM was examined by electron micros-
copy. The electron micrographs show that DGKSAM does not
form amorphous aggregates, but rather long fibers (Figure 1)
reminiscent of fibers formed by other polymeric SAM domains.
These results show that DGKSAM forms large assemblies in vitro
that may represent DGKSAM polymers.
Fusion Reporter Selection for Protein Solubility
To further characterize the DGKSAM fibers, we sought to identify
monomeric mutants of DGKSAM. Previous work on SAMStructure 1domains has shown that single amino acid substitutions can dis-
rupt their polymeric structure and produce soluble monomers
(Kim et al., 2001). We therefore hypothesized that we could
use solubility as a criterion to identify monomeric mutants of
DGKSAM. To select for soluble DGKSAM mutants from a library
of random mutants, we developed a novel method in which
soluble protein expression is detected by fusion to a selectable
marker. This fusion reporter assay utilizes murine dihydrofolate
reductase (mDHFR) as the selectable marker. The drug trimeth-
oprim selectively inhibits bacterial DHFR, but not mDHFR, so
that growth in the presence of trimethoprin reflects mDHFR
expression (Pelletier et al., 1998). Expression of a fusion of an
insoluble DGKSAM to a partially defective mutant of mDHFR,
T57P, does not allow growth in media containing trimethoprim,
since the DHFR tag is sequestered in inclusion bodies with the
insoluble DGKSAM polymers. Soluble mutants, however, confer
trimethoprim resistance to bacteria expressing the fusion
construct.
To confirm that the fusion reporter method can distinguish be-
tween soluble and insoluble proteins, we used the SAM domain
of TEL (TELSAM). TEL is a transcriptional repressor that self-as-
sociates through its SAM domain to form a polymer that is insol-
ubly expressed in Escherichia coli (Kim et al., 2001). Substitution
of Val80 with a glutamate residue disrupts the polymer structure
Figure 1. Electron Micrograph of DGKSAM
Electron microscopy image of DGKSAM revealing the formation of fibers.
Although most fibers are tangled, measurements of single fibers show an
average width of 80 A˚. Scale bar = 25 nm.6, 380–387, March 2008 ª2008 Elsevier Ltd All rights reserved 381
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As expected, the soluble TELSAM-V80E-DHFR-T57P fusion
construct permits cell growth in the presence of trimethoprim,
whereas the insoluble TELSAM-DHFR-T57P fusion construct
does not permit growth (see Figures S1A and S1B in the Supple-
mental Data available with this article online). The experiment
was repeated with the insoluble DGKSAM-DHFR-T57P fusion
and the soluble DGKSAM-V52E-DHFR-T57P fusion (see below),
producing similar results (Figures S1C and S1D). In both cases,
growth is dependent on the expression of the fusion proteins,
since bacteria transformed with the soluble mutants of TELSAM
and DGKSAM fusions did not survive in the absence of
arabinose.
Selection of Soluble Mutants of DGKSAM
We selected a total of 51 soluble mutants of DGKSAM from
a library of random DGKSAM mutants. The effectiveness of the
selection was verified by analyzing the solubility of 19 of the mu-
tants in crude extracts, without the mDHFR fusion partner. Cell
lysates were separated into soluble and pellet fractions, and
the location of each of the mutants was determined by SDS-
PAGE analysis. Of the 19 unique mutants analyzed, only 1 was
expressed mostly in the insoluble fraction. Thus, the overwhelm-
ing majority of mutants selected by this method are indeed
soluble.
Since many of the mutants identified by the selection assay
contained multiple amino acid substitutions (Figure S2), it was
unknown which substitutions were needed to solubilize the pro-
tein and, thus, which amino acids likely mediate DGKSAM oligo-
merization. We therefore sought to identify single amino acid
substitutions that could confer solubility. We identified eight
positions that were mutated with the highest frequency among
the set of soluble mutants (Table 1, Figure S3). The following sin-
gle-point mutants were prepared: S20S, E35G, D43G, K45E,
K51E,V52E, G53D, and K56E (D43G, V52E, and G53D were
single-point mutants in the selected set). As shown in Figure 2A,
all eight single mutants are expressed in the soluble fraction.
To investigate whether these amino acid substitutions disrupt
the oligomeric interface of DGKSAM, the mutant SAM domains
were expressed, purified, and analyzed by gel filtration chroma-
tography (Figure 2B, Table 2). Five of the eight soluble mutants
(E35G, D43G, V52E, G53D, and K56E) are largely monomeric
in solution. The estimated molecular weights of these mutants
are slightly higher than expected, however, suggesting that the
oligomeric interface is not completely disrupted. These results
Table 1. Frequency of Amino Acid Change at Specific Residues
Position Frequency of Mutationa
V52 0.431
D43 0.294
K56 0.294
K51 0.176
C20 0.137
K45 0.098
G53 0.098
E35 0.078
a n = 51.382 Structure 16, 380–387, March 2008 ª2008 Elsevier Ltd All righwere confirmed by equilibrium sedimentation experiments on
mutant V52E, which revealed an average molecular weight of
13 kDa and evidence of some dimer component (Figure S4).
Thus, the solubility selection has allowed us to identify residues
important to DGKSAM oligomerization. We believe this method
will be useful for finding soluble variants of other proteins.
The Structure of the DGKSAM Polymer
We have been able to obtain SAM polymer structures by crystal-
lizing solublemutants with weakened subunit interactions (Baron
et al., 2006; Kim et al., 2001, 2002, 2005; Qiao et al., 2004). At the
high concentrations used in crystallization, the weakened poly-
mer interface remains a favorable site for crystal contacts so
that the polymer generally reforms in the crystal. Thus, to
Figure 2. Solubility and Oligomeric State of the DGKSAM Mutants
(A) The solubility of each of the single mutants was assessed by examining the
distribution of the expressed DGKSAMmutant between the insoluble pellet (P)
and soluble (S) fraction of the cell lysate. Whereas the wild-type DGKSAM
expresses only in the pellet, all of the mutants express a significant portion
of DGKSAM in the soluble fraction.
(B) The results of gel-filtration chromatography of the DGKSAM mutants.
DGKSAM mutants are shown as squares, mixtures of DGKSAM mutants are
shown as diamonds, and molecular weight markers are shown as circles.
The line represents a best fit to the molecular weight markers. The calibration
curve was constructed from the elution volumes of BSA (67 kDa), ovalbumin
(43 kDa), chymotrypsinogen A (25 kDa), and ribonuclease A (13.7 kDa). The
plot shows the log of the molecular weights of the proteins plotted against
the elution volume from the gel filtration column. While the K45E and C20S
mutants eluted as polymers, the K56E, V52E, E35G, and D43Gmutants eluted
as monomers. The V52E, G53D, K56E, E35G, D43G, and C20S mutants in
DGKSAM correspond to V1148E, G1149D, K1152E, E1131G, D1139G, and
C1116S in the full-length DGKd1.ts reserved
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to crystallize each of themonomeric SAMmutants.Wewere able
to crystallize the E35Gmutant identified above and solve its crys-
tal structure by molecular replacement with the Shank3 SAMdo-
mainmonomer as the searchmodel. The structure was refined to
an Rfree of 0.29 at 2.9 A˚ resolution. The DGKSAM monomer
adopts the canonical five a-helix fold as observed in other SAM
domain structures (Kim andBowie, 2003;Qiao andBowie, 2005).
Like the other polymeric SAM domains, DGKSAM crystallizes
as a putative left-handed helical, head-to-tail polymer, with six
DGKSAM monomers per turn (Figure 3A). The width of the ap-
parent polymer (64 A˚) is comparable to the dimensions of the
DGKSAM polymers observed by electron microscopy (80 A˚).
The DGKSAM polymer has the smallest helical pitch (33 A˚)
observed so far, creating a relatively compact polymer. For com-
parison, the repeat length is 53 A˚ for TEL (Kim et al., 2001), and
40 A˚ for Shank3 (Baron et al., 2006).
Like other SAM domain polymers, the observed polymer inter-
face of DGKSAM is composed of two complementary binding
surfaces, the end-helix (EH) and mid-loop (ML) surfaces (Fig-
ure 3B). The EH surface includes a hydrophobic patch on the
N-terminal end of helix 5, which contains Val52 and Gly53. This
hydrophobic region contacts a hydrophobic pocket on the ML
surface, comprised of Ile31, Leu39, and Leu47. Salt bridges
surround the hydrophobic core of the interface. As discussed
below, both the hydrophobic core and peripheral salt bridges
are essential for maintaining a stable polymeric interface.
Validation of the Polymer Observed in the Crystal
The polymer model is consistent with the monomeric mutants we
identified. Inparticular, thefivemutations thatconvertDGKSAMto
monomers (E35G, D43G, V52E, G53D, and K56E) disrupt amino
acids that are over 80% buried by the interface. In fact, the selec-
tion identified all but two amino acids that were over 80% buried.
The two residues not identified by the selection (Ile31 and Leu47)
are also significantly buried in the monomer and may therefore
be important in maintaining the overall fold of DGKSAM.
Of the three other mutations that impart solubility, but can still
self-associate to some degree (K45E, K51E, and K56E), one al-
ters Lys45, which mediates a salt bridge with Asp46, one
changes Lys51, which resides near the interface but does not ap-
pear to make any salt bridges, and one changes Cys20, which is
not near the interface. The basis for the solubility of the K51E and
Table 2. Oligomeric State of the Single Mutants
Mutant Oligomeric State (kDa)a
C20S Oligomer (109)
E35G Monomer (10.9)
D43G Monomer (9.5)
K45E Oligomer (113)
K51E n.d.b
V52E Monomer (11.3)
G53D Monomer (10.7)
K56E Monomer (11.8)
aOligomeric state was assessed by analytical gel filtration chromatogra-
phy. The expected molecular weight of a monomer is 9.5 kDa.
b n.d. indicates that value was not determined.StructureC20Smutants remains unknown, but they presumably favor fold-
ing into soluble polymers rather than inclusion body formation.
To test whether the interface in our model of the DGKSAM
polymer provided a stable interaction, we examined the ability
of ML- and EH-surface mutants to form dimers. As shown in
the diagram in Figure 4A, an interaction between SAM domains
requires one wild-type EH-surface and one wild-type ML-sur-
face, so that when an EH-surfacemutant and anML-surfacemu-
tant are mixed, our model predicts that they will dimerize. On the
Figure 3. Crystal Structure of the DGKSAM Polymer
(A) Space-filling model of the DGKSAM polymer showing the helical structure.
Every other subunit is colored green or yellow. Two of the subunits are shown
as ribbon diagrams.
(B) A ribbon model showing a close-up view of the oligomeric interface. The
end-helix (EH, green) surface of one SAM domain contacts the mid-loop
(ML, yellow) surface of another SAM domain forming head-to-tail interaction.
Side-chains important in mediating this interaction are shown and colored ac-
cording to the surface on which they reside. For sequence orientation: The
V52, G53, K56, E35G, and D43 in the DGKSAM structure correspond to
V1148, G1149, K1152, E1131, D1139, and C1116 in the full-length DGKd1.16, 380–387, March 2008 ª2008 Elsevier Ltd All rights reserved 383
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mutants should not result in dimer formation. To test these pre-
dictions, we employed gel filtration chromatography to examine
the ability of mutant mixtures to form dimers (Figures 2B and 4A).
When two mutants with defects in the same surface were mixed
(E35G + D43G and V52E + K56E), the SAM domains eluted as
monomers and no oligomeric or dimeric species were detected.
However, when an EH- and an ML-surface mutant were mixed
(E35G + V52E), the SAM domains eluted as a dimer. To measure
the subunit affinities quantitatively, we turned to surface plas-
mon resonance experiments. An EH-surface mutant (V52E)
was immobilized on a CM5 chip, and the binding of an ML-sur-
facemutant (E35G) in themobile phasewasmonitored. Because
the association and dissociation kinetics were too fast to mea-
sure, wemeasured equilibrium binding at various concentrations
of the ML-surface mutants and fit these data to a hyperbolic
binding isotherm. From these experiments, we find that the Kd
of the head-to-tail interaction is 6.3 ± 1.2 mM (Figure 4B).
Figure 4. The Polymeric Interface Seen in the Crystal Structure Is
Stable in Solution
(A) Combinations of ML and/or EH surface mutants were tested for dimeriza-
tion using analytical gel filtration. Monomer/dimer formation was assessed
based on the molecular weight of the eluted complexes (monomer molecular
weight, 9.5 kDa). The results confirm our head-to-tail model of polymer forma-
tion since an EH surface and ML surface mutant dimerize, whereas an EH
surface mutant does not dimerize with another EH surface mutant and an
ML surface mutant does not dimerize with another ML surface mutant.
(B) The binding constant between DGKSAM monomers was determined by
surface plasmon resonance experiments. Various concentrations of MBP-
DGKSAM E35G were applied to immobilized MBP-DGKSAM V52E and equi-
librium binding was determined. Nonlinear curve fitting to a 1-1 binding model
determined that the Kd = 6.3 ± 1.2 mM. V52E and E35G correspond to V1148E
and E1131G in the full-length DGK d1.384 Structure 16, 380–387, March 2008 ª2008 Elsevier Ltd All rightsTaken together, theresultsshowthatDGKSAMformsapolymer
with a structure similar to other polymer-forming SAM domains.
DGKSAM Polymerization Regulates the Intracellular
Localization of DGK d1
Previous studies have suggested that oligomerization inhibits
the translocation of DGK d1 to the plasma membrane (Imai
et al., 2002). To determine whether polymerization through the
head-to-tail interface regulates DGK d1 localization, we exam-
ined the effects of disrupting the head-to-tail interface in the
full-length protein. As shown in Figure 5, the wild-type GFP-
tagged DGK d1 protein localizes to the cytoplasm in unstimu-
lated HEK293 cells, but all of the DGK d1 mutants with a disrup-
ted head-to-tail interface localized to the plasma membrane.
Furthermore, translocation to the plasma membrane is not
dependent on solubility, as the C20S mutant, which is soluble
but oligomeric, displays cytoplasmic localization (Figure 5).
DISCUSSION
Our results demonstrate that DGKSAM mediates DGK d1 local-
ization through polymerization. Polymerization of DGK d1 mono-
mers inhibits translocation of DGK d1 to the plasma membrane.
This translocation is likely important in regulating the activity of
DGK d1, since its substrate, DG, is produced at the plasma
membrane. Therefore, the vesicle-associated DGK d1 polymer
corresponds to the inactive form of the protein and polymeriza-
tion acts to sequester DGK d1 from the plasma membrane. The
plasma membrane-associated DGK d1 monomers correspond
to the active form of DGK d1.
The full mechanismbywhichDGK d1 becomes translocated to
the plasma membrane must still be elucidated, but our work
indicates that the disassembly of DGK d1 polymers is a crucial
step in this process. A possible mechanism by which polymeri-
zation may control the localization of DGK d1 is through regulat-
ing access to phosphorylation sites. The disassembly of DGK d1
polymers and its translocation to the plasma membrane has
been linked to the phosphorylation of a site in the C-terminal re-
gion of DGK d1 (Imai et al., 2004). Thus, DGK d1 polymerization
may act to inhibit the phosphorylation of DGK d1. Indeed, SAM
domain-mediated polymerization has been shown to inhibit the
MAPK phosphorylation and nuclear export of the transcription
factor Yan (Baker et al., 2001; Qiao et al., 2004). Other mecha-
nisms are clearly involved, however, since the SAM domain is
not the only region of DGK d1 that regulates localization. For
example, a splice variant DGK d2, which contains a different
N-terminal region, is not translocated to the plasma membrane
by phorbol ester stimulation despite having an identical SAM do-
main as DGK d1 (Sakane et al., 2002). Furthermore, deletion of
the PH domain from DGK d1 eliminates the ability of the protein
to translocate to the plasmamembrane upon phorbol ester stim-
ulation (Sakane et al., 2002). Interestingly, while our monomeric
mutants contain a wild-type PH domain and are constitutively lo-
calized to the plasmamembrane, the isolated PH domain of DGK
d1 is localized to the cytoplasm in unstimulated cells despite the
lack of the SAM domain (Sakane et al., 2002). Thus, the regula-
tion of DGK d1 localization likely involves the interaction of vari-
ous regulatory domains within DGK d1.reserved
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actions as key regulators of a transcriptional switch (Qiao et al.,
2004, 2006). Our study extends these concepts and shows that
the dynamic polymerization of DGK d1 acts to regulate a second
messenger-signaling switch. Recently, the DIX domain of Di-
sheveled has been shown to regulate Wnt signaling through dy-
namic polymerization (Schwarz-Romond et al., 2007), providing
yet another example of the regulation of signal transduction by
dynamic polymerization. Thus, polymerization control is an
emerging theme in the regulation of signal transduction.
EXPERIMENTAL PROCEDURES
DHFR-Reporter Construct Cloning
A vector was constructed from the pBAD/HisA plasmid (Invitrogen), allowing
for the expression of a target protein fused to a mutant version of mDHFR.
The vector expresses the target protein with an N-terminal METR sequence
and aC-terminally connected DHFRmutant (T57P) via aGSAGSAAGSG linker.
The T57P mDHFR mutant was used because it has reduced activity and was
found to decrease the rate of false positives.
E. coli Survival Assay
Competent TOP10 cells (Invitrogen) were transformed with the appropriate
plasmid. Equal volumes of transformed cells were plated onto M9minimal me-
dia (MM) plates containing 100 mg/ml ampicillin, and the appropriate amount of
arabinose (0%or 0.2%) and trimethoprim (0 or 1 mg/ml). Plateswithout trimeth-
oprim were incubated at 37C overnight, while plates with trimethoprim were
incubated at 37C for 72 hr.
Soluble Mutant Selection Assay
A library of random DGKSAM mutants was created by error-prone PCR with
the Diversify PCR Random Mutagenesis kit (Clontech). The average rate of
Figure 5. Monomeric Mutants Localize to
the Plasma Membrane
(A) EGFP-tagged versions of wild-type DGK d1
resides in the cytoplasm of unstimulated cells.
Stimulation with 12-O-tetradecanoylphorbol 13-
acetate (TPA) causes the DGK d1 to translocate
to the plasma membrane.
(B) Cells expressing monomeric DGK d1 show sig-
nificant fluorescence at the plasma membrane in
the absence of TPA stimulation. The C20S mutant
is not monomeric and shows cytoplasmic localiza-
tion of DGK d1.
mutation was found to be 0.83 mutations per
DGKSAM construct (Figure S2). These mutant
genes were cloned into the pBAD-DHFR vector
by using NcoI and SalI sites. Soluble mutants
were selected by plating TOP10 cells transformed
with the library onto M9 MM containing ampicillin
(100 mg/ml), arabinose (0.2%), and trimethoprim
(1 mg/ml), and incubating at 37C for 72 hr.
DGKSAM wt-DHFR T57P and DGKSAM V52E-
DHFR T57P constructs were also transformed
and plated as negative and positive controls,
respectively.
Cloning of Mutants without the DHFR Tag
The sequences encoding the desired DGKSAM
mutants were excised from the pBAD-DHFR vec-
tors withMluI and SalI, then ligated into a modified
pET-3c vector (Novagen), which expresses the
target sequence with an N-terminal MEKTR sequence and a C-terminal Arg-
Asp-His6 sequence. Site-directed mutagenesis was performed with the Quik-
change kit (Stratagene) to generate additional mutants for analysis. Mutagenic
oligonucleotides were purchased from Integrated DNA Technologies. MBP fu-
sions were created by cloning the gene for wild-type DGKSAM into a pMAL
vector (New England Biolabs), and mutants were generated by site-directed
mutagenesis. The identities of the cloned genes were verified by DNA
sequencing.
Protein Solubility Assay
The appropriate plasmid was transformed into BL21 (DE3) pLysS cells (Nova-
gen). For protein expression, 2 ml cultures were inoculated with 40 ml of satu-
rated overnight cultures. Cultures were grown at 37C until the cell density
reached an OD600 of 0.6, at which point they were induced with 0.8 mM iso-
propyl-b-D-galactopyranoside (IPTG) and incubated for 3 hr at 37C. Cell pel-
lets were resuspended in 50 mM Tris (pH 8.0), and 200 mM NaCl containing
lysozyme (1 mg/ml) and DNaseI (10 U). Cells were lysed with three freeze-
thaw cycles and the insoluble lysate was pelleted by centrifuging at 16,000 3
g for 10 min. The supernatant was separated from the pellet, and the pellet
was washed with water and then resuspended in 50 mM Tris (pH 8.0), and
200 mMNaCl. A 5 ml aliquot of the supernatant and pellet fractions were mixed
with SDS loading buffer and analyzed by SDS-PAGE on NuPAGE 4%–12%
Bis-Tris gels (Invitrogen). Bands were visualized by Coomassie-staining.
Protein Expression and Purification
The appropriate plasmids were transformed into BL21 (DE3) pLysS cells (Invi-
trogen). Cultures (1 l) were incubated at 37Cwith shaking until the cell density
reached an OD600 of0.6, at which point they were induced with 0.8 mM IPTG
and incubated for 3–5 hr at 37C with shaking. Cells were harvested by centri-
fugation and then resuspended in 50 mM Tris (pH 8.0), 200 mM NaCl, 5mM
Imidazole, 10 mM bME, and 0.5 mM PMSF (buffer A) with half a tablet of
Complete Protease Inhibitor (Roche). The cells were sonicated for a total of
4 minutes in 1 min intervals and centrifuged for 45 min at 27,000 3 g. The
supernatant was then incubated with 2 ml of NiNTA resin (QIAGEN) for 1 hr.
Structure 16, 380–387, March 2008 ª2008 Elsevier Ltd All rights reserved 385
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protein was eluted with 100 mM NaCl/300 mM imidazole, (pH 7.0)/10 mM
bME (buffer B). After dialyzing overnight in 20 mM tris, (pH 7.5)/100 mM
NaCl/1 mM EDTA/10 mM bME, the purified proteins were concentrated in
Centriprep concentrators (Millipore). Concentrations were determined by
measuring absorption values at 280 nm. For purification of insoluble proteins,
the cells were resuspended in buffer A containing 6M urea. After binding to the
column, the beads were washedwith a gradient of 6M to 0M urea (40ml total).
After washing, the protein was eluted in buffer B following the protocol above.
Gel Filtration Analysis
The purified DGKSAMmutants were applied to a Superdex S-75 10/300GL gel
filtration column (AmershamBiosciences) at 1–5mg/ml and eluted at 0.5ml/min
with 20mM Tris, (pH 8.5)/200mMNaCl/10 mM bME at 4C.Molecular weights
were estimated by comparison to the elution profile of standards from the Gel
Filtration Low Molecular Weight Calibration kit (Amersham Biosciences). For
the dimerization assays, equimolar amounts of the two mutants were applied
to the column in a total volume of 200 ml and eluted as above.
Electron Microscopy
Carbon-coated parlodion support films mounted on copper grids were made
hydrophilic immediately before use by high-voltage, alternating current glow-
discharge. Wild-type DGKSAM samples were applied directly onto the grids
and allowed to adhere for 2.5 min. Grids were rinsed with three drops of dis-
tilled water and negatively stained with 1% uranyl acetate for 30 s. Specimens
were examined in a Hitachi H-7000 electron microscope at an accelerat-
ing voltage of 75 kV. Images were recorded on Kodak electron microscope
film 4489.
Crystal Structure Determination
The DGKSAM E35G mutant was crystallized by hanging drop vapor diffusion
by mixing 2 ml of purified DGKSAM E35G (3.9 mg/ml in 20 mM Tris, [pH 7.5]/
100 mM NaCl/10 mM bME) with 1 ml of well solution (1.8 M dibasic ammonium
phosphate, [pH 8.0]). Crystals grew over the course of 2 weeks at room tem-
perature. Crystals were cryoprotected by soaking in well solution supple-
mented with increasing amounts of glycerol (10%–20%–25%), mounted on
nylon loops, and flash frozen in liquid nitrogen.
Data were collected at the Advanced Light Source, Lawrence Berkeley
National Laboratory Beamline 8.2.1 at a wavelength of 1.27 A˚ and processed
with DENZO/SCALEPACK (Otwinowski and Minor, 1997). The crystals be-
longed to space group P32 with a = 108.079A˚, b = 108.079 A˚, c = 33.513 A˚,
a = 90, b = 90, g = 120. There were six DGKSAMmolecules in the asymmet-
ric unit. The crystals were merohedrally twinned with a twinning fraction of
0.464, according to the twinning server (http://nihserver.mbi.ucla.edu/
Twinning/) and twinning operator h, k, l (Yeates, 1997). A twinning fraction
of 0.464 was used throughout refinement. An initial molecular replacement so-
lution was generated by Phaser (CCP4, 1994) with a single chain of the
Shank3-SAM structure, 2F3N, as the search model. Alternate cycles of model
building in COOT (Emsley and Cowtan, 2004) and refinement in CNS (Brunger
et al., 1998) (withholding 10% of reflections for the calculation of Rfree) yielded
a model with R/Rfree values of 25.0%/29.0%. Data collection and refinement
statistics are presented in the Table S1. Solvent-accessible surface areas
were calculated with the program areaimol (Lee and Richards, 1971) in the
CCP4 program suite (CCP4, 1994), and graphics were prepared using
CCP4mg (Potterton et al., 2004) and pymol (http://www.pymol.org).
Surface Plasmon Resonance
The surface plasmon resonance experiments were performed at 20C in
10 mM HEPES, [pH 7.5]/150 mM NaCl on a Biacore T100. MBP-DGKSAM
E35G was immobilized on a Biacore CM5 sensor chip with EDC/NHS cross-
linking. Various concentrations of MBP-DGKSAM V52E were applied to the
chip, and equilibrium binding was measured. The resulting binding data
were fit to a 1-1 binding model with Biacore T100 Evaluation software v1.1.
Fluorescence Microscopy
HEK293 cells were grown on poly-L-lysine-coated glass coverslips and tran-
siently transfected with cDNA encoding various DGKd1 constructs N-termi-
nally fused with EGFP. The V52E, G53D, K56E, E35G, D43G, and C20S386 Structure 16, 380–387, March 2008 ª2008 Elsevier Ltd All rightsmutants in DGKSAM correspond to V1148E, G1149D, K1152E, E1131G,
D1139G, and C1116S in the full-length DGKd1. After 2 days, the HEK293 cells
were washed three times with PBS and then cultured in DMEM, 0.1%BSA. Af-
ter 4 hr, cells were fixed with 3.7% formaldehyde in PBS for 10 min and then
washed twice with PBS at room temperature. The coverslips were mounted
with Vectashield. Cells were examined with an inverted confocal laser scan-
ning microscopy (Zeiss LSM 510). For treatment with phorbol ester, 4 hr after
transfer to the DMEM, 0.1% BSA medium, the medium was exchanged with
DMEM, 0.1% BSA containing 1 mMTPA. After 1 hr, cells were fixed and exam-
ined as before.
ACCESSION NUMBERS
Coordinates have been deposited in the Protein Data Bank with accession
code 3BQ7.
SUPPLEMENTAL DATA
Supplemental Data include four figures and one table and can be found with
this article online at http://www.structure.org/cgi/content/full/16/3/380/DC1/.
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